Introduction {#Sec1}
============

In 2012, the ATLAS and CMS Collaborations at the LHC discovered a new particle \[[@CR1], [@CR2]\], an important milestone in the understanding of the mechanism of electroweak (EW) symmetry breaking \[[@CR3]--[@CR5]\]. Both experiments have confirmed that the spin, parity and couplings of the new particle are consistent with those predicted for the Standard Model (SM) Higgs boson \[[@CR6]--[@CR8]\] (denoted by $\documentclass[12pt]{minimal}
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                \begin{document}$$h$$\end{document}$ throughout this paper). They measured its mass to be $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {GeV}$$\end{document}$\[[@CR9]\] and reported recently on a combination of measurements of its couplings to other SM particles \[[@CR10]\].

One important question is whether the newly discovered particle is part of an extended scalar sector as postulated by various extensions to the Standard Model such as the two-Higgs-doublet model (2HDM) \[[@CR11]\]. These extensions predict additional Higgs bosons, motivating searches in an extended range of mass.

This paper reports on two searches for a heavy resonance decaying into two SM *Z* bosons, encompassing the final states $\documentclass[12pt]{minimal}
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                \begin{document}$$\nu $$\end{document}$ stands for all three neutrino flavours. These final states are referred to as $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell ^+\ell ^-\nu \bar{\nu } $$\end{document}$ respectively.

It is assumed that an additional Higgs boson (denoted as $\documentclass[12pt]{minimal}
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                \begin{document}$$H$$\end{document}$ throughout this paper) would be produced predominantly via gluon--gluon fusion (ggF) and vector-boson fusion (VBF) processes, but that the ratio of the two production mechanisms is unknown in the absence of a specific model. For this reason, the results are interpreted separately for the ggF and VBF production modes, with events being classified into ggF- and VBF-enriched categories in both final states, as discussed in Sects. [5](#Sec5){ref-type="sec"} and [6](#Sec10){ref-type="sec"}. With good mass resolution and a high signal-to-background ratio, the $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell ^+\ell ^-\ell ^+\ell ^-$$\end{document}$ final state is well suited to a search for a narrow resonance with mass $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{H} $$\end{document}$ between $\documentclass[12pt]{minimal}
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                \begin{document}$$300~\text {GeV}<m_{H} <1400~\text {GeV}$$\end{document}$ range and dominates at high masses due to its larger branching ratio.

These searches look for an excess in distributions of the four-lepton invariant mass, $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell ^+\ell ^-\ell ^+\ell ^-$$\end{document}$ final state, and the transverse invariant mass, $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell ^+\ell ^-\nu \bar{\nu }$$\end{document}$ final state, as the escaping neutrinos do not allow the full reconstruction of the final state. The transverse invariant mass is defined as:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} m_{\mathrm {T}} \equiv \sqrt{ \left[ {\sqrt{m_{Z} ^{2} + \left( p_{\text {T}} ^{\ell \ell }\right) ^2} + \sqrt{m_{Z} ^{2} + \left( E_{\text {T}}^{\text {miss}} \right) ^2}}\, \right] ^2 - \left|\vec {p_{\text {T}}}^{\ell \ell } + \vec {E}_{\text {T}}^{\text {miss}} \right|^2 }, \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}} ^{\ell \ell }$$\end{document}$ is the transverse momentum of the lepton pair and $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {T}}^{\text {miss}} $$\end{document}$. In the absence of such an excess, limits on the production rate of different signal hypotheses are obtained from a simultaneous likelihood fit to the two mass distributions. The first hypothesis is the ggF and VBF production of a heavy Higgs boson (spin-0 resonance) under the narrow-width approximation (NWA). The upper limits on the production rate of a heavy Higgs boson are then translated into exclusion contours in the context of the two-Higgs-doublet model. As several theoretical models favour non-negligible natural widths, large-width assumption (LWA) models, assuming widths of 1%, 5% and 10% of the resonance mass, are also studied. The interference between the heavy scalar and the SM Higgs boson as well as between the heavy scalar and the $\documentclass[12pt]{minimal}
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                \begin{document}$$gg \rightarrow ZZ$$\end{document}$ continuum background are taken into account in this study. Limits are also set on the Randall--Sundrum (RS) model \[[@CR12], [@CR13]\] with a warped extra dimension giving rise to a spin-2 Kaluza--Klein (KK) excitation of the graviton $\documentclass[12pt]{minimal}
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Other searches for diboson resonances decaying into *WW* or *ZZ* or *WZ* have been performed by ATLAS \[[@CR14]--[@CR16]\] and CMS \[[@CR17]--[@CR19]\].

With a significant increase in integrated luminosity and an improved discovery potential from the higher parton luminosities \[[@CR20]\] at a centre-of-mass energy of $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {TeV}$$\end{document}$, the results of this paper improve upon previous results published by the ATLAS Collaboration from a search for an additional heavy Higgs boson \[[@CR21]\]. Results of a similar search from the data collected at the LHC with $\documentclass[12pt]{minimal}
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ATLAS detector {#Sec2}
==============

The ATLAS experiment is described in detail in Ref. \[[@CR23]\]. ATLAS is a multi-purpose detector with a forward--backward symmetric cylindrical geometry and a solid-angle[1](#Fn1){ref-type="fn"} coverage of nearly 4$\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<$$\end{document}$ 2.5, consists of a silicon pixel detector, a silicon microstrip detector and a transition-radiation tracker. The innermost layer of the pixel detector, the insertable B-layer (IBL) \[[@CR24]\], was installed between Run 1 and Run 2 of the LHC. The inner detector is surrounded by a thin superconducting solenoid providing a $\documentclass[12pt]{minimal}
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                \begin{document}$$< |\eta |<$$\end{document}$ 4.9, are instrumented with electromagnetic and hadronic LAr calorimeters, with steel, copper or tungsten as the absorber material. A muon spectrometer (MS) system incorporating large superconducting toroidal air-core magnets surrounds the calorimeters. Three layers of precision wire chambers provide muon tracking in the range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<$$\end{document}$ 2.4. The trigger system, composed of two stages, was upgraded \[[@CR25]\] before Run 2. The first stage, implemented with custom hardware, uses information from calorimeters and muon chambers to reduce the event rate from about 40 MHz to a maximum of 100 kHz. The second stage, called the high-level trigger (HLT), reduces the data acquisition rate to about 1 kHz on average. The HLT is software-based and runs reconstruction algorithms similar to those used in the offline reconstruction.

Data and Monte Carlo samples {#Sec3}
============================

The proton--proton (*pp*) collision data used in these searches were collected by the ATLAS detector at a centre-of-mass energy of 13 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {TeV}$$\end{document}$ with a 25 ns bunch-spacing configuration during 2015 and 2016. The data are subjected to quality requirements: if any relevant detector component is not operating correctly during a period in which an event is recorded, the event is rejected. After these quality requirements, the total accumulated data sample corresponds to an integrated luminosity of 36.1 $\documentclass[12pt]{minimal}
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Simulated events are used to determine the signal acceptance and some of the background contributions to these searches. The particle-level events produced by each Monte Carlo (MC) event generator were processed through the ATLAS detector simulation \[[@CR26]\] within the $\documentclass[12pt]{minimal}
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                \begin{document}$$\textsc {Geant}~4$$\end{document}$ framework \[[@CR27]\]. Additional inelastic *pp* interactions (pile-up) were overlaid on the simulated signal and background events. The MC event generator used for this is [Pythia]{.smallcaps} 8.186 \[[@CR28]\] with the A2 set of tuned parameters \[[@CR29]\] and the MSTW2008LO \[[@CR30]\] parton distribution functions (PDF) set. The simulated events are weighted to reproduce the observed distribution of the mean number of interactions per bunch crossing in data (pile-up reweighting). The properties of the bottom and charm hadron decays were simulated by the [EvtGen]{.smallcaps} v1.2.0 program \[[@CR31]\].

Heavy spin-0 resonance production was simulated using the [Powheg-Box]{.smallcaps} v2 \[[@CR32]\] MC event generator. Gluon--gluon fusion and vector-boson fusion production modes were calculated separately with matrix elements up to next-to-leading order (NLO) in QCD. [Powheg-Box]{.smallcaps} was interfaced to [Pythia]{.smallcaps} 8.212 \[[@CR33]\] for parton showering and hadronisation, and for decaying the Higgs boson into the $\documentclass[12pt]{minimal}
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In addition, events from ggF production with a boson width of 5, 10 and 15% of the scalar mass $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{H}$$\end{document}$ were generated with [MadGraph5]{.smallcaps}\_aMC\@NLO v2.3.2 \[[@CR35]\] interfaced to [Pythia]{.smallcaps} 8.210 for parton showering and hadronisation for both final states. For the $\documentclass[12pt]{minimal}
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The fraction of the ggF events that enter into the VBF-enriched category is estimated from the [MadGraph5]{.smallcaps}\_aMC\@NLO simulation.

Spin-2 Kaluza--Klein gravitons from the Bulk Randall--Sundrum model \[[@CR37]\] were generated with [MadGraph5]{.smallcaps}\_aMC\@NLO at leading order (LO) in QCD. The dimensionless coupling $\documentclass[12pt]{minimal}
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Events containing a single *Z* boson with associated jets were simulated using the [Sherpa]{.smallcaps} v2.2.1 event generator. Matrix elements were calculated for up to two partons at NLO and four partons at LO using the [Comix]{.smallcaps} \[[@CR43]\] and [OpenLoops]{.smallcaps} \[[@CR44]\] matrix-element generators and merged with the [Sherpa]{.smallcaps} parton shower \[[@CR46]\] using the [ME+PS\@NLO]{.smallcaps} prescription \[[@CR47]\]. The NNPDF3.0 NNLO PDF set was used in conjunction with dedicated parton-shower tuning developed by the [Sherpa]{.smallcaps} authors. The $\documentclass[12pt]{minimal}
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Event reconstruction {#Sec4}
====================

Electrons are reconstructed using information from the ID and the electromagnetic calorimeter \[[@CR62]\]. Electron candidates are clusters of energy deposits associated with ID tracks, where the final track--cluster matching is performed after the tracks have been fitted with a Gaussian-sum filter (GSF) to account for bremsstrahlung energy losses. Background rejection relies on the longitudinal and transverse shapes of the electromagnetic showers in the calorimeters, track--cluster matching and properties of tracks in the ID. All of this information, except for that related to track hits, is combined into a likelihood discriminant.

The selection used combines the likelihood with the number of track hits and defines two working points (WP) which are used in the analyses presented here. The $\documentclass[12pt]{minimal}
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Muons are formed from tracks reconstructed in the ID and MS, and their identification is primarily based on the presence of the track or track segment in the MS \[[@CR63]\]. If a complete track is present in both the ID and the MS, a combined muon track is formed by a global fit using the hit information from both the ID and MS detectors (combined muon), otherwise the momentum is measured using the ID, and the MS track segment serves as identification (segment-tagged muon). The segment-tagged muon is limited to the centre of the barrel region ($\documentclass[12pt]{minimal}
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                \begin{document}$$2.5< |\eta | < 2.7$$\end{document}$) with limited or no ID coverage, the MS track is either used alone (stand-alone muon) or combined with silicon hits, if found in the forward ID (combined muon). The ID tracks associated with the muons are required to have a minimum number of associated hits in each of the ID subdetectors to ensure good track reconstruction. The stand-alone muon candidates are required to have hits in each of the three MS stations they traverse. A "loose" muon identification WP, which uses all muon types and has an efficiency of 98.5%, is adopted by the $\documentclass[12pt]{minimal}
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Jets are reconstructed using the anti-$\documentclass[12pt]{minimal}
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                \begin{document}$$k_t$$\end{document}$ algorithm \[[@CR64]\] with a radius parameter *R* = 0.4 implemented in the [FastJet]{.smallcaps} package \[[@CR65]\], and positive-energy clusters of calorimeter cells as input. The algorithm suppresses noise and pile-up by keeping only cells with a significant energy deposit and their neighbouring cells. Jets are calibrated using a dedicated scheme designed to adjust, on average, the energy measured in the calorimeter to that of the true jet energy \[[@CR66]\]. The jets used in this analysis are required to satisfy $\documentclass[12pt]{minimal}
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Jets containing *b*-hadrons, referred to as *b*-jets, are identified by the long lifetime, high mass and decay multiplicity of *b*-hadrons, as well as the hard *b*-quark fragmentation function. The $\documentclass[12pt]{minimal}
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Selected events are required to have at least one vertex with two associated tracks with $\documentclass[12pt]{minimal}
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============================================================================================================================================================

Event selection {#Sec6}
---------------

Four-lepton events are selected and initially classified according to the lepton flavours: $\documentclass[12pt]{minimal}
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If there is ambiguity in assigning leptons to a pair, only one quadruplet per channel is selected by keeping the quadruplet with the lepton pairs closest (leading pair) and second closest (subleading pair) to the *Z* boson mass, with invariant masses referred to as $\documentclass[12pt]{minimal}
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Selected quadruplets are required to have their leptons separated from each other by $\documentclass[12pt]{minimal}
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The relative calorimetric isolation is computed as the sum of the cluster transverse energies $\documentclass[12pt]{minimal}
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An additional requirement based on a vertex-reconstruction algorithm, which fits the four-lepton candidates with the constraint that they originate from a common vertex, is applied in order to further reduce the $\documentclass[12pt]{minimal}
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The QED process of radiative photon production in *Z* boson decays is well modelled by simulation. Some of the final-state-radiation (FSR) photons can be identified in the calorimeter and incorporated into the $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell ^+\ell ^-\ell ^+\ell ^-$$\end{document}$ analysis. The strategy to include FSR photons into the reconstruction of *Z* bosons is the same as in Run 1 \[[@CR21]\]. It consists of a search for collinear (for muons) and non-collinear FSR photons (for muons and electrons) with only one FSR photon allowed per event. After the FSR correction, the lepton four-momenta of both dilepton pairs are recomputed by means of a *Z*-mass-constrained kinematic fit. The fit uses a Breit--Wigner *Z* boson line-shape and a single Gaussian function per lepton to model the momentum response function with the Gaussian width set to the expected resolution for each lepton. The *Z*-mass constraint is applied to both *Z* candidates, and improves the $\documentclass[12pt]{minimal}
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In order to be sensitive to the VBF production mode, events are classified into four categories: one for the VBF production mode and three for the ggF production mode, one for each of the three channels. If an event has two or more jets with $\documentclass[12pt]{minimal}
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The signal acceptance, defined as the ratio of the number of reconstructed events passing the analysis requirements to the number of simulated events in each category, is shown in Table [1](#Tab1){ref-type="table"}, for the ggF and VBF production modes as well as different resonance masses. The contribution from final states with $\documentclass[12pt]{minimal}
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Background estimation {#Sec7}
---------------------

The main background component in the $\documentclass[12pt]{minimal}
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Signal and background modelling {#Sec8}
-------------------------------

The parameterisation of the reconstructed four-lepton invariant mass $\documentclass[12pt]{minimal}
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### Interference modelling {#Sec9}
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Figure [2](#Fig2){ref-type="fig"} shows the overlay of the signal, both interference effects and the total line-shape for different mass and width hypotheses assuming the couplings expected in the SM for a heavy Higgs boson. As can be seen, the two interference effects tend to cancel out, and the total interference yield is for the most part positive, enhancing the signal.Fig. 2Particle-level four-lepton mass $\documentclass[12pt]{minimal}
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============================================================================================================================================================

Event selection {#Sec11}
---------------

The analysis is designed to select $\documentclass[12pt]{minimal}
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Events are required to pass either a single-electron or a single-muon trigger, where different $\documentclass[12pt]{minimal}
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Events are selected if they contain exactly two opposite-charge leptons of the same flavour and "medium" identification, with the more energetic lepton having $\documentclass[12pt]{minimal}
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The sensitivity of the analysis to the VBF production mode is increased by creating a dedicated category of VBF-enriched events. The selection criteria, determined by optimising the expected signal significance using signal and background MC samples, require the presence of at least two jets with $\documentclass[12pt]{minimal}
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Background estimation {#Sec12}
---------------------
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Signal and background modelling {#Sec13}
-------------------------------

The modelling of the transverse mass $\documentclass[12pt]{minimal}
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The extraction of the interference terms for the LWA case is performed in the same way as in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\ell ^+\ell ^-\ell ^+\ell ^-$$\end{document}$ final state, as described in Sect. [5.3](#Sec8){ref-type="sec"}. In the case of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\ell ^+\ell ^-\nu \bar{\nu }$$\end{document}$ final state a correction factor, extracted as a function of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{ZZ}$$\end{document}$, is used to reweight the interference distributions obtained at particle level to account for reconstruction effects. The final expected LWA $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec14}
========================

The systematic uncertainties can be classified into experimental and theoretical uncertainties. The first category relates to the reconstruction and identification of leptons and jets, their energy scale and resolution, and the integrated luminosity. Systematic uncertainties in the data-driven background estimates are also included in this category. The second category includes uncertainties in the theoretical description of the signal and background processes.

In both cases the uncertainties are implemented as additional nuisance parameters (NP) that are constrained by a Gaussian distribution in the profile likelihood ratio, as discussed in Sect. [8.1](#Sec18){ref-type="sec"}. The uncertainties affect the signal acceptance, its selection efficiency and the discriminant distributions as well as the background estimates for both final states. Each source of uncertainty is either fully correlated or anti-correlated among the different channels and categories.

Experimental uncertainties {#Sec15}
--------------------------

The uncertainty in the combined 2015 and 2016 integrated luminosity is $\documentclass[12pt]{minimal}
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                \begin{document}$$3.2\%$$\end{document}$. This is derived from a preliminary calibration of the luminosity scale using *x*--*y* beam-separation scans performed in August 2015 and May 2016, following a methodology similar to that detailed in Ref. \[[@CR81]\].

The lepton identification and reconstruction efficiency and energy/momentum scale and resolution are derived from data using large samples of $\documentclass[12pt]{minimal}
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                \begin{document}$$Z \rightarrow \ell \ell $$\end{document}$ decays. The uncertainties in the reconstruction performance are computed following the method described in Ref. \[[@CR63]\] for muons and Ref. \[[@CR62]\] for electrons. Typical uncertainties in the identification and reconstruction efficiency are in the range 0.5--3.0% for muons and 1.0%--1.7% for electrons. The uncertainties in the electron energy scale, the muon momentum scale and their resolutions are small, and are fully correlated between the two searches ($\documentclass[12pt]{minimal}
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The uncertainties in the jet energy scale and resolution have several sources, including uncertainties in the absolute and relative *in situ* calibration, the correction for pile-up, the flavour composition and response \[[@CR66]\]. These uncertainties are separated into independent components, which are fully correlated between the two searches. They vary from 4.5% for jets with transverse momentum $\documentclass[12pt]{minimal}
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Uncertainties in the lepton and jet energy scales are propagated to the uncertainty in the $\documentclass[12pt]{minimal}
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The efficiency of the lepton triggers in events with reconstructed leptons is nearly 100%, and hence the related uncertainties are negligible.

Theoretical uncertainties {#Sec16}
-------------------------

For simulated signal and backgrounds, theoretical modelling uncertainties associated with the PDFs, missing QCD higher-order corrections (via variations of factorisation and renormalisation scales), and parton showering are considered.

For all signal hypotheses under consideration, the largest theoretical modelling uncertainties are due to missing QCD higher-order corrections and parton showering. The missing QCD higher-order corrections for ggF production events that fall into the VBF-enriched category are accounted for by varying the scales in [MadGraph5]{.smallcaps}\_aMC\@NLO and affect the signal acceptance by 10%. Parton showering uncertainties are of order 10% and are estimated by comparing [Pythia]{.smallcaps} 8.212 to [Herwig++]{.smallcaps} \[[@CR82]\].
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                \begin{document}$$q\bar{q} \rightarrow ZZ$$\end{document}$ background, the effect of the PDF uncertainties in the full mass range varies between 2% and 5% in all categories, and that of missing QCD higher-order corrections is about 10% in the ggF-enriched categories and 30% in the VBF-enriched category. The parton-shower uncertainties result in less than 1% impact in the ggF-enriched categories and about 10% impact in the VBF-enriched category.
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                \begin{document}$$gg \rightarrow ZZ$$\end{document}$ background, as described in Sect. [3](#Sec3){ref-type="sec"}, a 60% relative uncertainty in the inclusive cross section is considered, while a 100% uncertainty is assigned in the VBF-enriched category.

Results and interpretations {#Sec17}
===========================

Statistical procedure {#Sec18}
---------------------

The statistical treatment of the data follows the procedure for the Higgs-boson search combination \[[@CR83], [@CR84]\], and is implemented with RooFit \[[@CR85]\] and RooStats \[[@CR86]\]. The test statistic employed for hypothesis testing and limit setting is the profiled likelihood ratio $\documentclass[12pt]{minimal}
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Spin-0 resonance interpretation {#Sec20}
-------------------------------

Limits from the combination of the two searches in the context of a spin-0 resonance are described below.

### NWA interpretation {#Sec21}
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### 2HDM interpretation {#Sec23}

A search in the context of a CP-conserving 2HDM is also presented. This model has five physical Higgs bosons after electroweak symmetry breaking: two CP-even, one CP-odd, and two charged. The model considered here has seven free parameters: the Higgs boson masses, the ratio of the vacuum expectation values of the two doublets ($\documentclass[12pt]{minimal}
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Spin-2 resonance interpretation {#Sec24}
-------------------------------

The results are also interpreted as a search for a Kaluza--Klein graviton excitation, $\documentclass[12pt]{minimal}
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Summary {#Sec25}
=======

A search is conducted for heavy resonances decaying into a pair of $\documentclass[12pt]{minimal}
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